Abshacf-Direct detection of planets around nearby stars requires the suppression of the parent starlight to many orders of magnitude (9 orders for visible, 6 for the MidIR). Myriad techniques have been proposed to accomplish this task including: pupil masking, coronagraphy and nulling interferometry. All of these techniques are currently undergoing rapid development. Nulling interferometry in the visible part of the spectrum is viewed as particularly difficult for two reasons: 1) fundamentally, the planeffstar contrast is greater by roughly three orders of magnitude and 2) practically speaking, the expected residual fabrication errors produce larger phase error at shorter wavelengths. For these reasons, nulling interferometry experiments are currently planned for 7-12 Bm where both of these factors are mitigated. However, progress may not be smooth at these mid IR wavelengths due to the lack of readily available components, and the difficulty of working with a large thermal background.
Abshacf-Direct detection of planets around nearby stars requires the suppression of the parent starlight to many orders of magnitude (9 orders for visible, 6 for the MidIR). Myriad techniques have been proposed to accomplish this task including: pupil masking, coronagraphy and nulling interferometry. All of these techniques are currently undergoing rapid development. Nulling interferometry in the visible part of the spectrum is viewed as particularly difficult for two reasons: 1) fundamentally, the planeffstar contrast is greater by roughly three orders of magnitude and 2) practically speaking, the expected residual fabrication errors produce larger phase error at shorter wavelengths. For these reasons, nulling interferometry experiments are currently planned for [7] [8] [9] [10] [11] [12] Bm where both of these factors are mitigated. However, progress may not be smooth at these mid IR wavelengths due to the lack of readily available components, and the difficulty of working with a large thermal background.
Therefore, nulling interferometry in the visible continues to be compelling, particularly if it can be done deeply. Our team has proposed an instrument known as a visible nulling coronagraph [ I] . This instrument resides behind a single apemre and provides deep and stable interferometric nulls that are consistent with the requirements for direct detection. Its two key components are a nulling interferometer and a single mode fiber array (for reducing scattered light after the interferometer). In this paper, we first summarize the benefits of a nulling coronagraph. We subsequently show experimental measurements made with the visible nulling interferometer. We have demonstrated the feasibility of the shearing nulling concept, and are the first to control the null with a (laser) metrology system. As a result of these experiments, the visible nulling coronagraph continues to be a compelling technique for planet detection and spectroscopy.
INTRODUCTION
The detection of extrasolar planets does not, in principle, require large collecting areas for either resolution or photometric purposes. If we view our solar system from 10 parsec in the visible, a Jupiter-like planet has an approximate magnitude of V-27 and the Earth is V -30.
The Hubble Space Telescope (D=2.4m) can detect a V = 30 object, so a 27 magnitude object takes much less than 1 hr of integration. In terms of resolution the orhit of a Jupiterlike planet at 10 parsec subtends an angle of 0.5 arc seconds, which requires a diffraction limited telescope of only 30cm or greater (at 0 . 7 5~ wavelength).
With a flux ratio in the optical of -10-9-10"0 between a planet and its star, the harder problem is that of contrast. Achieving a very low background against which to detect a planet requires control of both scattered and diffracted light. Adaptive optics (AO) coronagraphs [2] provide a partial solution, by using a deformable mirror to improve the wavefront quality and by creating a 'dark hole' at the center of the field of view, effectively improving the telescope Strehl. Effectively, the deformable mirror reduces the scattering or mid spatial frequency errom that cause spurious scattering into the region where the planets would be found. In the recent studies for TPF, four team studied 0-7803-8155-6/04/$17.00 02004 IEEE 1 numerous concepts for direct detection of planets including coronagraphs and apodized aperture telescopes. For the detection of an Earth-like planet in the visible, around a Sun at IOpc, a large telescope (-8-IOm diameter) was recommended to place the planet at least 3-4 Airy rings from the star. The size of the aperture is needed to spatially separate the star from the planet hut is unnecessary for the fundamental task of collecting photons from the planet.
A nulling interferometer, however, can be used to suppress both diffraction and scattering, and it can be located behind a much smaller aperture to resolve an extrasolar planet. A nulling interferometer effectively cancels the starlight and has 100% transmission for planet light when the optical path from the planet is W2 different from the star. For our concept this corresponds to €I = 0, Wb,3hib, (b= interferometer baseline).
By contrast a coronagraph operates out at several Airy rings (-3-4 x 1.22WD). For a modest sized aperture, ahout D=1.5m, a Jupiter-like planet could be resolved by synthesizing an interferometer with a 30 cm baseline.
Our previous paper describes a new instrument for direct planet detection [l] . It synthesizes a four element nulling interferometer from the telescope pupil to suppress the diffraction from a central star. After nulling, an array of coherent single mode optical fibers is used to negate the effects of residual stellar leakage (scattering) due to imperfections in the telescope optics and optical train. A simple imaging system after this array forms the final extrasolar planet image. This concept combines all the advantages of a nulling interferometer with the simplicity of a modest size and modest-optical-quality, single-aperture telescope. Such a telescope with this nulling interferometer as hack-end instrument can image and detect planets, or provide the input to a low-resolution spectrometer. Its primary optic is at least two times smaller in diameter (4 times in area) than proposed adaptive optics coronagraphs, which potentially translates to a proportional savings in cost. Also note that such an instrument could co-exist with a coronagraph since it uses the near on-axis light that the coronagraph discards at its central field occulter.
NULLING REQUIREMENTS
Broadband nulling interferometry necessarily requires the electric field vectors from two separate arms of an interferometer to he exactly opposite in orientation for all wavelengths at the point of recombination. This is easy to say, and it is altogether a much more difficult thing to demonstrate. Initial experiments, insightful as they were, led us to the conclusion that nulling is more easily accomplished by splitting the task into two major components: first, an achromatic field flip, and second, a fully symmetric beam combiner. Likewise, our initial techniques for controlling the null suffered from the need to dither the null, thereby limiting the achievable null depth
The shearing interferometer for this experiment benefits from the lessons learned from all of our previous nulling work. In the next section the experiment will he described in detail, from the source input to the interferometer output, including the laser metrology and a brief discussion of the control algorithm and hardware. Afterwards, we'll present and discuss some of the recent experimental results. To conclude, we will briefly discuss OUT future plans for the test bed.
The stringent need for identical and counter-posed electric field vectors is not easily achieved. Factors which prevent deep nulling include: imbalance in the intensity between both arms, static imbalance in the pathlength due to chromatic dispersion, dynamic path length changes from residual air fluctuations or mechanical vibrations, differential polarization dependent path length errors and pupil rotation. Tolerances on the allowable contribution of these components have been derived in a previous paper [7] . Table 1 summarizes the allowable contributions for these factors for two different null depths. Amplitude and path length are controlled directly, and they are an integral part of the initial alignment scheme. Polarization effects are not controlled directly, and we reply upon the symmetry of the system, and the fabrication tolerances of the coating process and rigorous optical alignment to insure this tolerance is met.
Advances in nulling technology enable this approach. The [3] . A ftuther key element of the nulling approach is the use of single mode fiber spatial filter in conjunction with the nulling interferometer [4] . This combination makes very deep nulling possible without the requirement to achieve and maintain U4000 wavefront quality over a (large) full aperture This paper reviews our recent progress in nulling interferometry at visible wavelengths with a lateral shearing interferometer. 
INSTRUMENT DESCRIPTION
The task of the interferometer can be summarized by its few key functions: phasing, shearing, and field flipping. For reference, a layout of the interferometer is shown in Figure  1 . For simplicity of implementation, we choose one ann of the interferometer to perform the task of phasing. Its provides a physical delay for coherent recombination of the beams. The delay can be controlled accurately (to within a few tenths of a nanometer) and maintained for long periods of time (tens of seconds) with laser metrology. 
Beamsplitters
The custom beamsplitters were designed and implemented to work with a small angle of incidence (-15 degrees). The motivation for designing them for this angle of incidence was to minimize the effect of polarization dispersion. As the angle of incidence increases on an uncoated substrate, the effect on the phase and amplitude of the reflected light of both polarizations starts to diverge. (At Brewster's angle for instance, there is no reflected 's' polarization.) Although the effect for a multilayer optical coating can be made much different from the properties of a bare surface, one thing is certain: at normal incidence the properties of the coating are identical for s and p, so polarization dispersion is zero. For this reason, we try to stay as close to zero angle of incidence as physically possible.
Single Glass Phase Plate
The interferometric nuller requires a phase change of a between both arms of the interferometer. When working with a very narrow wavelength, this can be accomplished with a simple path length delay of Ax * u 2 . As we increase the optical bandwidth about this center wavelength, the phase for other wavelengths, h, due to this physical delay is equal to a (I&). To correct this residual phase for other wavelengths starting with this initial path length delay, it is possible to add, in combination, a differential glass thickness in one arm and physical delay in the other arm such that no net phase at the center wavelength is introduced (it is still a), yet the net phase for other wavelengths has improved due to the compensating dispersion properties of the glass. (This glass was chosen because it is the same material as the beam splitter substrate so we can also take out this differential glass thickness.) Figure 2 illustrates the effect of a physical delay and the compensating effect of a glassiphysical delay for the solution given above.
The phase plates are nominally of the equal thickness (about 0.40" thick), and we introduce the differential thickness by giving a small angular rotation (about 6 degrees) one relative to the other. Preliminary tolerance work indicates that this can be done with modest effort (0.1 degree).
By adding yet another glass with a different index of refraction, it is possible to increase the null depth for a given optical bandpass. Or, for the same two glass solutions, one can increase the bandpass and maintain the same null. 
Roofiops
Currently, each rooftop is made from two separate pieces of two-inch square gold-coated mirrors. Each rooftop is aligned interferometrically in front of a Zygo phase-shifting interferometer to within a few arc-seconds. In the phasing arm of the interferometer, one of the mirrors is attached to a PZT flexure stage that provides very precise position control (0.1 nm) and very small angular deviation over the full range ofthe motion (15 um).
Shutters
Electronic shutters in each arm of the interferometer allow us to easily monitor the intensity. The shutters are normally open, and therefore only draw current when they are closed. This allows us to keep the thermal load internal to the experiment at a minimum.
Interfrometer Output
Light is interfered at the recombination heamsplitter and then fed to a single mode output fiber[8] via an achromatic doublet. The location of the output fiber in the focal plane can be adjusted in two orthogonal axes within about 20 nm. This fiber is also angle polished so that spurious reflections from the tip of the fiber are deflected away from the optical axis of the system.
Detectors
The interferometer can easily accommodate several different types of sources, therefore, it's necessary to have a corresponding set of detectors that are well matched to the source. For our laser diode, the detector is an auto-ranging optical power meter. This detector covers a dynamic range of 12 orders of magnitude; it easily handles the nulling requirement for this source. This detector is fiber fed, and communication with the control system occurs via G P B .
For fainter, white light sources we use first a battery operated silicon detector with high gain. The output is a voltage that is sampled with the ADC channel on the data acquisition system.
For the faintest white light measurements, we use an avalanche photo diode module. This detector outputs TTL level pulses that are proportional to the photon rate. The pulses are fed into a counting module, where they are integrated per unit sample time (typically 0.1 sec.) and are then read into the control system via GPIEI. Again, this is a fiber fed detector both to simplify integration with the interferometer, and to minimize the number of background counts due to stray radiation.
Laser Metrologv
A relative laser metrology gauge is used to actively monitor the optical path length internal to the interferometer. The beams are smaller than the white light beams (ahout 2 mm) and are nominally centered on the source beam. The measurement beam is s polarized, and is injected into the system from the opposite side of the main beam splitter. This light then traverses the interferometer and is recombined at the second heamslitter. Here the beams are spatially separated with respect to each other by the amount of the shear. These two beams exit the interferometer on the opposite side of the interferometer as the input light. Each beam is combined with a 'local oscillator' beam, of p polarization, that spatially overlaps both beams at the polarization beam splitting cube. A right angle prism that is silver coated on the external edges is used to redirect each beam through a linear polarizer at 45 degrees (to mix the s and p polarization states) and onto a detector. The metrology wavelength is 1319 nm, well beyond the optical hand of interest, such that it does not interfere with the optical detectors. The metrology beams are fed to the interferometer using polarization maintaining single mode optical fibers. This makes for a clean and simple interface to the experiment. A half-wave plate located on the laser source plate allows us to adjust the balance of optical power between the s and p polarization states to optimize the metrology signal contrast.
Signals from the metrology detectors (pre-amps) are then fed to 'post-amps' that perform several functions: 1) they remove the DC offset, 2) amplify the input signal, and 3) converts the sine wave inputs to square wave outputs. Care was taken to ensure that both the pre-amps and post-amp used the same power supply, thereby minimizing the effect of ground loops. These signals are then sent to the phasemeter card that determines the phase of the input signals relative to each other with high precision. These phase meter cards provide a raw metrology measurement at lOOlcHz as well as on board averaging of the measured phase signal at IkHz. Data from the phase meter card is sent from the VME bus to the PCI bus of the host computer via a fiber-coupled VME-to-PCI bridge.
Control System
Experiment control and data acquisition is accomplished via a dual processor PC. All real-time related tasks are dedicated to one CPU. All functions related to the operating system, CUI and data archiving are relegated to the other CPU. In this manner, we can be guaranteed the high performance of a truly deterministic real-time environment while also benefiting from the readily available, off-the shelf software that perform the less demanding tasks. Our real-time OS is RTX. Interfaces and requests to the real-time system are made via ActiveX calls from the system OS. This setup is very robust, easy to maintain, completely sufficient for our modest needs, and relatively inexpensive.
EXPERIMENTAL RESULTS

Observational Preliminaries
Before each nulling observation is made, we check a few metrics to ensure that the null test will be a good one. The first critical contributor is the intensity balance in each arm. An imbalance in the intensity between the two arms of 61 = AH, results in a limiting null depth of N = 612/4. For a null depth of a 10-%1, the corresponding intensity match must be <0.4%. In order to accommodate this level of balance, we shutter each arm in the interferometer, measure the average over 400 seconds, and compare the two. If there is a mismatch in the intensity, the location of the output fiber is adjusted, ever so slightly, to a point where the balance matches the criteria. We translate the fiber because the tilt of the beamsplitters and rooftops are not actuated. Eventually, a slight tilt of the recombination beamsplitter will be the preferred method for intensity balance. 
Laser Diode Results
ARer first balancing the intensity in both arms, and measuring path length fluctuations, the fmal step is phasing of the system. The fringe scanned manually to determine the location of the deepest laser null. Once there, the laser metrology is reset to zero, and a dither is applied to scan over the fringe. Slight asymmetries at the bottom of the dithered fringe are corrected by manual offsets to the metrology set point. Once this set point is optimized by eye, the laser metrology is then locked to this set point and data is recorded with the optical power meter. Giving a new metrology set point easily changes the path length, and hence, the fringe contrast. Using the metrology in this way makes turning the null fringe "on" and "off a trivial matter. Figure 4 shows our best nulling measurement with a laser diode as the source. The path length is stabilized using the technique just described. A polarizer in the beam allows us to select the polarization state; this gives us a somewhat better null than without the polarizer, which we think, is due primarily to the alignment of the open face rooftop mirrors.
White Light Results
As we start development of the white part of the experiment, one of the most challenging aspects is setting the phase plates to give us a R phase change over the optical bandwidth of interest. This is currently done scanning the white light fringe pattern and closely interrogating the plus and minus fringes on either side of the null fringe. The phase plate rotation is then adjusted such that these two fringes are equal at their lowest point. There is the possibility that this can result in a local minimum for the null depth. Therefore, we scan subsequent positions, but plus and minus, for the phase plate orientation that gives the best null. Figure 5 shows the results of the optimized phase plate orientation. In the midst of the data set is a measure of the noise floor of the detector. In this data set we have nulls on average of 4K: 1 and several transients of 5K: I.
FUTURE PLANS
Vacuum Chamber
The current experiment is in an open-air environment. As mentioned previously, some steps have been taken to alleviate the deleterious effects of air turbulence. Indeed, the major task of the closed-loop system is to remove effects that are due primarily to fluctuations in path length due primarily to air. Therefore, in order to free ourselves of these problems, and to lighten the load of the active control system, we are working towards vacuum operation of the experiment. Figure 6 is a photo of the vacuum chamber that we've acquired and retrofitted in order to meet our requirements. It has been retrofitted with electrical and optical fiber feed thrus that relay necessary sources and signals to and from the interferometer. We are in the early stages of vacuum testing, and hope to have the system fully operational over the next couple of months.
CONCLUSIONS
W e have shown experimental results from a visible nulling interferometer with performance that is traceable to the requirements for a proposed planet-finding mission. The novelty of this technique is the use of laser metrology to monitor the internal path-length fluctuations (a first for a nulling interferometer). We will continue to increase the optical bandpass and the null depth in order to demonstrate full technical capability.
A visible nulling coronograph benefits fiom operation behind a single aperture of modest optical figure, and deep achromatic nulling with an easily adjustable baseline. This elegant yet powerful concept readily lends itself to a precursor mission with the goal of directly detecting extrasolar planets. It is also a proof of nulling technology in general, and is applicable toward advanced missions in planet detection and spectroscopy. 
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